AB ST R ACT : Two soil profile sequences on paragneiss debris in the Val di Rabbi (Northern Italy) along an altitude gradient ranging from 1200 to 2400 m a.s.l. were studied to evaluate the effect of aspect on the weathering of clay minerals. All the soils had a coarse structure, a sandy texture and a low pH. Greater weathering intensities of clay-sized phyllosilicates (greater content of smectites) were observed in soils on the north-facing slope. On the south-facing slope, smectite was found only in the surface horizon of the soil profile at the highest altitude. Hot citrate treatment of north-facing soils revealed the presence of low-charged 2:1 clay minerals, the expansion of which was hindered in the untreated state by interlayered polymers. However, the hot citrate treatment encountered some problems with the samples of the south-facing soils: as confirmed by Fourier transform infrared spectroscopy, the hot citrate treatment was unable to remove all interlayer Al polymers. The 2:1 phyllosilicates were not expanded by ethylene glycol solvation in several samples, although thermogravimetric analyses indicated the presence of clay minerals with interlayer H 2 O. At the same time, the collapse of clay minerals to 1.0 nm following K-saturation was evident. Theoretically, this should indicate that 2:1 phyllosilicates had no evident substitution of trioctahedral cations (Mg 2+ , Fe 2+ ) by dioctahedral cations (Al 3+ and Fe 3+ ). X-ray diffraction analysis of the d 060 region and determination of the layer charge of clay minerals by the long-chain (C 18 ) alkylammonium ion, however, did not confirm this. A transformation from trioctahedral to dioctahedral species was observed and low-charge clay minerals (x~0.30) were identified in the surface horizons of the southfacing sites. In the south-facing soils, the podzolization process was less pronounced because of a lower water flux through the soil and probably less complexing organic molecules that would remove the interlayer polymers. Besides the eluviation process, clay minerals underwent a process of ionic substitutions in the octahedral sheet that led to the reduction of the layer charge. This process was more obvious in the north-facing sites.
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Various environmental conditions determine differing soil formations, with several factors influencing the weathering rates of soils. These are in particular the parent material, climate, topography, time and organisms (Jenny, 1980) . In recent years, several studies have been carried out on soils developing in Alpine environments in order to investigate the role of individual factors. The various (silicate) lithologies of the parent material led to differences in the clay mineral assemblages in weathered soils, with smectite developing on granites, granodiorite and tonalite, whereas interstratified mica-vermiculite formed from slate glacial till (Mirabella et al., 2002) . The main clay mineral transformations usually occurred within the first 3000 y of soil development (Righi et al., 1999; Egli et al., 2001a Egli et al., ,b, 2003a . Climate, a factor of growing interest because of its currentlyoccurring worldwide change, affected clay mineral transformations with smectite being detected in the upper mountain belt and in the subalpine belt up to the timberline (1400À1900 m a.s.l.). Most of the soils studied were located on north-facing slopes (Mirabella & Sartori, 1998; Mirabella & Egli, 2003; Egli et al. 2003b Egli et al. , 2004 .
In Alpine areas, the most weathered and typical soils are podzols that show characteristic eluviation and illuviation features of Fe, Al and organic carbon (De Coninck, 1980; Anderson et al., 1982; Farmer, 1982) . They usually develop in cool and moist climates in the northern or southern hemisphere (Dahlgren & Ugolini, 1991; Gustafsson et al., 1995) , but examples of their presence in the cool humid environments of the tropics have also been cited (Van Ranst et al., 1997) . In particular, precipitation and temperature may influence the type and rate of soil chemical, biological and physical processes, and have a significant impact on the global geochemical cycle (Bain et al., 1994; Dahlgren et al., 1997) .
Greater precipitation rates and the production of chelating compounds in the soil are believed to promote the development of smectites, which seem to be the weathering end-products of the phyllosilicates mica or chlorite through the intermediate stage of hydroxy-interlayered minerals and the subsequent removal of the hydroxide polymers (Malcolm et al., 1969; Senkayi et al., 1981; Carnicelli et al., 1997; Righi et al., 1999; Egli et al., 2003b) . As early as 1967 and 1970, Gjems deduced from X-ray diffraction (XRD) analysis of clay minerals of podzols that smectites (then designated montmorillonite) form in the E horizon at the expense of chlorite, illite or vermiculite, and that mixed-layer minerals become less chloritic upwards within the profile. Additionally, it was shown that the smectite content increased upwards within the soil profile inversely with trioctahedral mica, chlorite, mica-chlorite and mica-vermiculite interstratified minerals.
Earlier studies documented the effect of differences in climate along an elevational gradient (leading to an upward decrease in temperature and generally an increase in precipitation) on plant communities and soils. Common trends reported in these studies included changes in soil types, soil organic matter, clay content, soil acidity and exchangeable ions (e.g. Whittaker et al., 1968; Mahaney, 1978; Laffan et al., 1989; Bäumler & Zech, 1994; Bockheim et al., 2000; Sartori et al., 2005) . The influence of slope aspect and the resulting microclimate has been the subject of several investigations (Cooper, 1960; Klemmedson, 1964; Macyk et al., 1978; Hunckler & Schaetzl, 1997; Rech et al., 2001) . The results obtained by these authors were not unequivocal. Some measured greater chemical weathering on south-facing soils and some on north-facing soils. Furthermore, none of these studies documented the effect of the slope on the structural transformations of clay minerals.
We therefore carried out the present study to shed light on the mechanisms involved in the   FIG. 1 . Location of Val di Rabbi and of the investigation sites N1-4 (N for north-facing) and S5-8 (S for southfacing).
transformation and weathering of clay minerals as influenced by the different facing of soils developing on paragneiss in an Alpine area of Northern Italy.
I N V E S T I G A T I O N A R E A
Two soil sequences in the Val di Rabbi (Northern Italy; Fig. 1 ), along an altitude gradient ranging from 1200 to 2400 m a.s.l., were investigated (Table 1 ). The two sequences exhibit different exposition: one was north-facing and the other south-facing. The soil profiles are assumed to be representative of the elevational zones and were selected during an ongoing detailed soil survey. Care was taken to select natural and undisturbed sites. The soil profiles exhibited no signs of erosion or accumulation. Because the selection of undisturbed soils was the main prerequisite, not all sites had an identical slope angle. Climate (temperature and precipitation) varied along the toposequence and consequently so did vegetation. Coniferous forest was found up to an altitude of 2000 m a.s.l. and alpine meadow at higher altitudes. The sites showed the typical vegetation types for the corresponding altitude and exposure (Pedrotti et al., 1974) . At lower altitudes, north-facing sites had coniferous forests with predominantly white fir while at south-facing sites mixed forests (deciduous and coniferous trees) were encountered. At higher altitudes, coniferous forests with larch and spruce fir dominated at both north-and south-facing sites. Above the timberline, alpine meadow was the typical vegetation type. The soils varied, according to the World Reference Base for Soil Resources (FAO, 1998) , from Dystric Cambisols to Episkeleti-Endoleptic or Endoskeletic Podzols (Table 1) . They had developed on paragneiss debris or morainic material consisting of paragneiss (migmatitic paragneiss of Slope aspect and transformation of clay minerals the Ulten-Tonale zone; Bosselini et al., 2002) . The primary mineralogical composition was similar at all sites. Primary minerals were quartz (high abundance), plagioclase (medium to high abundance), biotite (medium to high abundance), muscovite (medium abundance), chlorite and HIV (low to medium abundance) and K-feldspar (low abundance). At site S7, there were also measurable traces of talc. At sites S7 and S8, both rock outcrops and rock debris occurred in the surrounding area, and soils that had developed on rock debris were sampled. The climate ranged from temperate to alpine. According to Soil Taxonomy (USDA and NRCS, 2006) , the soil moisture regime was udic (humid conditions, <90 days/y with a dry soil) at all sites and the soil temperature regime varied between frigid (mean annual temperature <8ºC) and cryic (mean annual temperature <8ºC, no permafrost). Maximum precipitation occurs during the summer months. The mean annual temperature and precipitation in nearby Peio (1580 m a.s.l.) are 6.8ºC and 861 mm/y, respectively. In Val di Rabbi, the mean annual temperature ranges from 8.2 (valley floor) to around 0ºC (at 2400 m a.s.l.), and mean annual precipitation is~800À1300 mm/y (Servizio Idrografico, 1959; Sboarina & Cescatti, 2004) . According to the geomorphological study of Baroni & Carton (1990) , local soil ages range from 12,000 to 16,000 y.
Vegetation is not a fully-independent soilforming factor. In this case the distribution of the vegetation along the toposequence (investigated sites) is driven ultimately by the (micro)climate. As the north sequence was directly compared to the south sequence, a pair-wise comparison was performed (with similar vegetation types). Due to the limited differences in the soil age, the similarity of the parent materials and the relatively stable climatic conditions during soil formation, the changes in the weathering processes in the soils can be attributed primarily to the factor climate, influenced both by the altitude and the differing slope facing.
M A T E R I A L S A N D M E T H O D S
Soil material was collected from excavated profile pits, air-dried and sieved to <2 mm. The particlesize distribution was determined by sieving the coarser particles (2000À32 mm) and measuring the finer fraction with the pipette method, after pre- (Schwertmann, 1964) . Additionally, the pyrophosphate-extractable fraction was measured (McKeague et al., 1971) , which is often used to characterize the organicallybound Al fraction. 'Imogolite-type material' (ITM), which henceforth refers to the sum of imogolite and proto-imogolite allophane, was estimated (assuming that the Al/Si molar ratio to be close to 2.0) according to Parfitt & Henmi (1982) Element pools in the soil (Ca, Mg, K, Na, Fe, Al, Mn, Si and Ti) were determined by a method of total digestion. Oven-dried (70ºC) samples were dissolved using a mixture of HF, HCl, HNO 3 and H 3 BO 3 in a closed system (microwave-oven and under high pressure, 25 bar). Concentrations of Ca, Mg, K, Na, Fe, Mn, Al, Si and Ti were determined by atomic-absorption spectroscopy, in part using a graphite furnace.
To separate the clay fraction (2 mm), the fine earth samples (<2 mm) were pre-treated at room temperature with diluted and Na-acetate buffered (pH 5) H 2 O 2 . At the end of the reaction, H 2 O 2 was decomposed by heating the sample at 50ºC. The clay fraction was obtained by dispersion with Calgon and sedimentation in water. Specimens were then saturated with Mg, washed free of chloride and freeze-dried. Clay-aggregate samples, oriented on glass slides from a water suspension, were analysed using a 3 kW Rigaku D/MAX III C diffractometer, equipped with a horizontal goniometer and a graphite monochromator, using Cu-Ka radiation. Slides were step-scanned from 2 to 15º2y with steps of 0.02º2y at 2 s intervals. The following treatments were performed: Mg-saturation, ethylene glycol-solvation and K-saturation, followed by heating for 2 h at 335ºC and 550ºC. The whole mineralogical composition of the clay fraction was checked with randomly-oriented specimens (PHILIPS PW1820; Cu-Ka, 40 kV, 30 mA, 4À70º2y, 0.02º2y steps, 3 s per step, automatic slits). When chlorite was present, the presence of kaolinite was checked with FT-IR (Brooker Optics, Tensor 27) analysis (OH-stretching region near 3690 cm À1 ) on pellets made with 1 mg of sample and 150 mg of KBr heated at 150ºC. Digitized X-ray data were routinely smoothed and corrected for Lorentz and polarization factors (Moore & Reynolds, 1997) . Diffraction patterns were smoothed by a Fourier transform function and fitted by the Origin2 PFM program using the Pearson VII algorithm. Background values were calculated by means of a non-linear function (polynomial 2 nd order function; Lanson, 1997) . The d 060 region was studied on random mounts prepared by back-filling Al holders and gently pressing over filter paper and then step-scanned from 58 to 64º2y with steps of 0.02º2y at 10 s intervals. Layer-charge estimation of smectites was performed using the long-chain (C 18 and C 12 ) alkylammonium ions according to the method proposed by Olis et al. (1990) .
For the monolayer to bilayer transition, the following equation was used: Na-citrate treatment was performed to extract hydroxy-Al (or Fe) from the interlayers of 2:1 clay minerals. The procedure according to Tamura (1958) was applied in a modified form, in which a contact time of 24 h without extractant removal was obtained by heating the samples in an autoclave at 135ºC. After the Na-citrate procedure, the following treatments were performed: Mg-saturation, ethylene glycol solvation and K-saturation, followed by heating for 2 h at 335ºC and 550ºC. The XRD patterns of the treated samples were then compared with those of the corresponding untreated samples. To check the influence of the Na-citrate treatment on the phyllosilicate structures, the FTIR spectra of soil clays (before and after the treatment) in the OH-bending region were first normalized (minmax method) in the MÀO region (900À400 cm À1 ) and then compared to each other.
Thermogravimetric analyses were carried out with a Mettler-Toledo TGA/SDTA 851 e instrument by dynamic heating to 1000 C (rate 10 K/min) using~40 mg of sample in a 150 ml Pt pan with 50 cm 3 /min dry and decarbonated air as purging gas. Linking the instrument with a quadrupole mass spectrometer (Balzers Thermostar) allowed the determination of the gases released at defined temperatures. For clays, reactions at lower temperatures (<250ºC) involve, for example, desorption of surface water and dehydration of phyllosilicate interlayers, whereas at elevated temperatures (450À900ºC) dehydroxylation (release of the octahedral OH and destruction of the clay mineral structure) occurs. Gases evolved from soil material, other than the H 2 O from these reactions, are commonly H 2 O and CO 2 from organic matter (e.g. Karathanasis & Harris, 1994) .
R E S U L T S

Physical and chemical analyses
The thickest soil columns at the north-facing sites were found at 1200À1620 m a.s.l. and at the southfacing sites at 1400À1995 m a.s.l. At the lower south-facing sites up to~1400 m a.s.l. and at the highest site the soils are Cambisols (Skeletic to Leptic), and at the other sites they are Umbrisols (Table 1) . Most of the soils at the north-facing sites and at the south-facing sites at higher elevations showed typical podzolic characteristics but cannot be classified as Podzols because the B horizon does not fully meet the prerequisites of a spodic horizon. The investigated soils have a comparatively high proportion of soil skeleton that varies from 30% to 80% of the mass (Table 2 ). These are typical values for Alpine soils on debris or morainic substratum (Egli et al., 2001b) .
The soils exhibited a sandy loam to loamy texture; the proportion of sand decreased towards the soil surface, and correspondingly silt and clay increased ( Table 2 ). The upward decrease of the grain sizes is a concomitant effect of weathering, although an aeolian addition after the retreat of the glaciers (~15,000À17,000 years BP) in the last glaciation phase (cf. Bäumler & Zech, 1994) or by southerly winds carrying Sahara dust cannot be fully excluded. The errors introduced by any inhomogeneities seem, however, to be of minor Coarse sand: 2000À200 mm; fine sand: 200À50 mm; coarse silt: 50À20 mm, fine silt: 20À2 mm, clay <2 mm n.d. = not determined; skeleton fraction >2 mm importance. The possible aeolian contribution was not particularly high, as the fine sand fraction in the parent material was higher in the C horizons of most soils than in the topsoils (Table 2) . Also, investigations of the mineralogy, particle-size fraction and major element chemistry in a neighbouring area (Egli et al., unpublished data) showed that aeolian additions are difficult to detect. The pH was low, the most acidic conditions being found in the surface horizon. The characteristic eluviation of Al and Fe (oxalate-as well as dithionite-extractable fraction, see Table 3 ) was encountered in the north-facing N2, N3 and N4 soil profiles and, less evidently, in the south-facing S6, S7 and S8 soil profiles. The amount of imogolite-type material was furthermore quite low in all soil profiles (Table 3) . Small amounts of imogolite-type materials (ITM) were observed in the lower horizons of the profile at 1620 m a.s.l. on the north-facing sequence and in the whole B horizon of the two soils at 1660 and 1996 m a.s.l. on the south-facing sequence (Table 3) .
The total element contents of the investigated soils showed a paragneiss-like composition (Table 4 ). The chemical compositions of the C horizons between the sites were quite homogeneous, with Al 2 O 3 in the parent material slightly higher at the south-facing sites, while no difference could be measured for all other components between the north-and south-facing sites. The main mineralogical compositions (except for the different clay minerals) in the clay fraction were almost identical between the sites (data not shown). The clay fractions were characterized by phyllosilicates, K-feldspar, plagioclase and quartz. These results show that the variation of the state-factor parent material (Jenny, 1980 ) is small.
Clay mineral analyses
North sequence. An overview of the detected clay minerals is given in Table 5 . An XRD pattern of the EG-solvated clay sample from the AE horizon of soil profile N1 at 1200 m a.s.l. showed three fundamental reflections at 1.41, 1.01 and 0.71 nm (Fig. 2) . The decomposition procedure allowed separation of the wide peak at 1.41 nm into three components: a small peak at 1.71 nm, representing smectite, a large peak at 1.41 and another one at 1.20 nm. A further minor peak was located at 2.54 nm (Fig. 2) . Mg-and K-saturation and the subsequent heating treatments allowed the identification of vermiculite (1.41 nm, Mg-saturation), hydroxy-interlayered vermiculite (HIV; 1.41 nm, Mg-saturation), regularly-interstratified mica-HIV (with d 001 * and d 002 * at 2.54 and 1.20 nm, respectively, Mg-saturation) and traces of chlorite. Due to the reflection at a low angle we must assume that mica-HIV is mostly regularlyinterstratified (R1). The other phyllosilicates present in this sample were mica and kaolinite. No smectite was detected in the lower EB horizon (data not shown). A small amount of vermiculite, hydroxyinterlayered vermiculite and irregularly-interstratified chlorite-HIV were present, together with mica, kaolinite and a small amount of chlorite. The mineralogical composition of the Bs1 horizon was very similar to that of the EB horizon, with the exception of the absence of vermiculite. An XRD pattern of the EG-solvated clay sample from the Bs2 horizon showed an increase of the mica peak at 1.01 nm and a corresponding decrease of the peak at 1.41 nm (Fig. 2 ) and the kaolinite 001 peak at 0.71 nm, when compared with the previously described samples. The other minerals present were hydroxy-interlayered vermiculite and irregularly-interstratified mica-HIV. Chlorite was present in traces. The clay sample from the BC horizon was similar to the Bs2 horizon.
The Mg-saturated clay sample from the E horizon of soil profile N2 exhibited five peaks at 2.55, 1.47, 1.27, 1.02 and 0.72 nm (Fig. 2) ; furthermore, two other small peaks were evident at 0.85 and 0.92 nm. Following EG-solvation, peaks at 2.55, 1.47 and 1.27 nm were shifted towards lower angles at 2.74, 1.71 and 1.46 nm (Fig. 2) . Potassium-saturation caused the peaks at 1.47 and 1.27 nm in the Mg-saturated sample to contract to 1.27 and 1.12 nm, respectively. All these peaks collapsed to 1.02 nm after heating at 335ºC. In this sample, two low-charge expandable minerals could be identified. The first is a smectite represented by the d 001 * and d 002 * basal reflections at 1.71 and 0.85 nm. The second is a regularly-interstratified mica-smectite with d 001 *, d 002 * and d 003 * basal reflections at 2.74, 1.46 and 0.92 nm. Mica was present in small amounts and was noticeably weathered (Fig. 2) . Mg-saturated and EG-solvated clay samples from the Bs1 horizon exhibited XRD patterns characterized by the peaks centred at 2.43, 1.46, 1.27, 1.02 and 0.72 nm (Fig. 2) . The mica peak was quite broad and weak. A portion of the peak at 1.46 nm shifted towards 1.02 nm with the heating treatment at 335ºC. Only a fraction of this peak collapsed to Slope aspect and transformation of clay minerals 
x = present in significant amounts (x) = traces ? = questionable, presence presumed 1 HIV = hydroxy-interlayered vermiculite, HIS = hydroxy-interlayered smectite, verm = vermiculite, smec = smectite 2 some amphibole and talc were present throughout the profile a regularly interstratified mica-HIV (Mg-saturation or EG-solvation, see Fig. 2 ). Kaolinite was identified by the peak at 0.72 nm. No chlorite was detected. The clay mineralogy of the Bs2 horizon sample was similar to that of the previously described horizon, except for the appearance of a small amount of chlorite. Furthermore, HIV and chlorite-HIV showed a greater resistance to collapse with the heating process. The clay sample from the BC horizon contained more mica. Also, regularly interstratified mica-HIV and hydroxy-interlayered vermiculite were detected, together with chlorite and kaolinite. The clay mineralogy of the sample from the C horizon was similar to that of the BC horizon.
The EG-solvated sample from the EA horizon of soil profile N3 at 1930 m a.s.l. showed seven peaks centred at 2.43, 1.70, 1.44, 1.24, 1.07, 1.01 and FIG. 2. XRD patterns of soil clays (<2 mm) of some selected horizons from the N1 and N2 north-facing soil profiles. The XRD curves were smoothed and corrected for Lorentz and polarization factors. d spacings are given in nm. EG = ethylene glycol solvation, Mg = Mg-saturation, K = K-saturation and corresponding heating treatments.
Slope aspect and transformation of clay minerals 0.72 nm (Fig. 3) . The peak at 1.44 nm partly collapsed to 1.01 after K-saturation and further after heating at 335ºC. A very small 1.44 nm peak persisted even after heating at 550ºC; therefore vermiculite, HIV and chlorite were identified. The peak at 1.24 nm shifted towards 1.01 nm after K-saturation and heating at 335ºC, and collapsed following heating at 550ºC. This peak was attributed to a regularly-interstratified mica-HIV, whose d 001 * reflection was detected at 2.43 nm (together with the d 002 * peak at 1.24 nm). The peak at 1.07 nm had a similar behaviour and could be FIG. 3. XRD patterns of soil clays (<2 mm) of some selected horizons from the N3 and N4 north-facing soil profiles. The XRD curves were smoothed and corrected for Lorentz and polarization factors. d spacings are given in nm. EG = ethylene glycol solvation, Mg = Mg-saturation, K = K-saturation and corresponding heating treatments.
assigned to an irregularly-interstratified mica-HIV. Kaolinite was also present in this horizon (Fig. 3) . The E horizon exhibited the same minerals as the EA horizon (data not shown), with a higher content of mica and a smaller degree of polymerization within the vermiculitic components. An expandable mineral with a d spacing of 1.56 nm in the EG-solvated sample indicated some interstratification of smectite with a high-charged component (smectite-vermiculite). The XRD pattern of the EGsolvated sample of the Bhs horizon showed an increased intensity of the peak at 1.25 nm, belonging to a regularly interstratified mica-HIV (data not shown). The peaks at 1.44 and 1.24 nm (Mg-saturation) showed a slightly higher resistance to collapse following K-saturation and heating at 335ºC. A small amount of chlorite (peak persisting at 1.44 nm after heating) and kaolinite (0.72 nm) were also identified. The mineralogy of the Bs horizon was identical to that of the Bhs horizon. The mineralogy of the BC (Fig. 3) and C horizons was different from that of the previous horizon, with a higher intensity of the peak at 1.21 nm and a lower intensity of the peak at 1.45 nm. Saturation with K did not cause any difference to the Mgsaturated sample, while heating distinctly increased the peak intensity near 1.01 nm. Together with the peak at 2.50 nm (Mg-saturation), a regularlyinterstratified mica-HIV (with d 001 * at 2.50 nm and d 002 * at 1.21 nm) could be identified. An XRD pattern of the Mg-saturated sample from the OE horizon of soil profile N4 at 2390 m a.s.l. showed peaks at 2.44, 1.41, 1.20, 1.06, 1.00 and 0.72 nm. EG-solvation caused the expansion to 1.70 nm of the peak at 1.41 nm, indicating the presence of smectite (Fig. 3) . Furthermore, a portion of the peak at 1.20 nm expanded to 1.41 nm, whereas the peak at 1.06 nm maintained its position. The subsequent K-saturation and heating at 335ºC revealed the presence of vermiculite, a regularly-interstratified mica-smectite and interstratified mica-vermiculite minerals. A major proportion of mica and kaolinite was also identified in this sample (Fig. 3) . The XRD pattern of the EG-solvated sample from the BE horizon (data not shown) showed the presence of smectite and partly hydroxy-interlayered vermiculite. Mica, kaolinite and traces of chlorite were also observed. The sample from the Bhs horizon exhibited a relatively small amount of mica (peak at 1.01 nm, Mg-saturated sample) compared to the other 2:1 phyllosilicates. HIV, mica-HIV, kaolinite and chlorite were also identified, whereas no smectite or vermiculite was detected in this horizon (Fig. 3) . The clay mineralogy of the BC horizon was similar to that of the Bhs horizon. The mica seemed more weathered, as shown by a broad peak at 1.01 nm, and also present in a smaller amount. A minor amount of chlorite was also detected.
South sequence. The surface A horizon of soil profile S5 at 1200 m a.s.l. showed an intense mica peak at 1.00 nm in the XRD pattern of the EGsolvated sample (Fig. 4) . The presence of kaolinite was indicated by a peak at 0.71 nm and confirmed by FTIR. A less intense peak at 1.40 nm remained unaffected after K-saturation. Although most of this peak collapsed to 1.00 nm at 335ºC, a very small part remained following heating at 550ºC, indicating the presence of HIV and traces of chlorite. A small peak at 1.19 nm was attributed to an irregularly-interstratified mica-HIV that collapsed to 1.00 nm after heating at 550ºC (Fig. 4) . The mineralogies of the lower Bw1, Bw2 and C horizons were similar to that of the A horizon.
The EG-solvated clay sample from the AE horizon of soil profile S6 showed a very intense peak at 1.42 nm, a kaolinite peak at 0.71 nm, a minor mica peak at 1.00 nm and two peaks at 1.21 and 1.04 nm (Fig. 4) . The peaks at 1.42, 1.21 and 1.04 nm shifted towards 1.00 nm after treatment at 335ºC, but two peaks at 1.42 and around 1.21 nm persisted even after heating the sample at 550ºC (Fig. 4) . This indicated the presence of irregularlyinterstratified mica-HIV and chlorite-HIV. The sample from the Bs1 soil horizon showed a very similar XRD pattern, whereas the lower horizons Bs2 (Fig. 4) and BC horizons, although containing the same clay minerals, had a smaller amount of HIV and a larger proportion of mica.
The clay mineral composition of the S7 soil profile at 1995 m a.s.l. was similar to that of the S5 and S6 soil profiles. At best traces of smectite were detected in the AE surface horizons (some interstratified smectite with vermiculite, detectable around 1.5 nm). The XRD peaks of the EG-solvated sample at 2.48, 1.42, 1.22, 1.10, 1.01, 0.94 and 0.72 nm (Fig. 5 ) allowed the identification of vermiculite (mostly hydroxy-interlayered), HIV, regularly-interstratified mica-vermiculite (with a d 001 * and d 002 * at 2.48 and 1.22 nm, respectively), mica, chlorite and kaolinite. Some talc was identified by a peak at 0.94 nm. The same minerals were detected in the lower BA, Bs1, Bs2, BC and C horizons, with vermiculite progressively disappearing and HIV and Slope aspect and transformation of clay minerals regularly-interstratified mica-HIV decreasing in favour of mica and chlorite with depth.
Peak decomposition allowed the separation of XRD peaks at 2.52, 1.64, 1.43, 1.23, 1.04, 1.00 and 0.72 nm (Fig. 5) in the EG-solvated clay sample from the OE horizon of soil profile S8. Smectite treatments at 335 and 550ºC (Fig. 5) . Except for the absence of a peak near 1.64 nm, the mineralogy of the lower horizon Bs was similar both in the typology and peak intensities to that of the surface OE horizon. The BC horizon showed the same clay minerals (Fig. 5) , but differed from the previous horizons by a higher amount of interstratified mica-HIV and a slightly higher resistance of HIV and mica-HIV minerals to collapse to 1.0 nm following the heat treatment at 335ºC (Fig. 5) .
FIG. 5. XRD patterns of soil clays (<2 mm) of some selected horizons from the S7 and S8 south-facing soil profiles. The XRD curves were smoothed and corrected for Lorentz and polarization factors. d spacings are given in nm. EG = ethylene glycol solvation, Mg = Mg-saturation, K = K-saturation and corresponding heating treatments.
Slope aspect and transformation of clay minerals Citrate treatment of the clay fraction
Hydroxy interlayers hinder the collapse of expandable 2:1 phyllosilicates when K-saturated, and the expansion of low-charge expandable minerals when EG-solvated (Karathanasis, 1988; Barnhisel & Bertsch, 1989) . Citrate treatment was effective in removing the hydroxy interlayers from 2:1 phyllosilicates in the north-facing soils. In the surface AE horizon of the soil profile N1, a well defined peak was present around 1.61 nm (Fig. 6) . The slightly smaller value of the d spacing of this expandable mineral could indicate some interstratification between a high-and a low-charge component. In the lower horizons no smectite was detected, but a full collapse to 1.0 nm of the peaks at 1.43 nm was obtained following K-saturation (data not shown).
The EG-solvated sample from the E horizon of soil profile N2 displayed a very intense peak at 1.67 nm, whereas no peak was present in the region of 1.27 nm (Fig. 6) . This points to the presence of some irregularly-interstratified mica-HIS, the expansion of this mineral following EGsolvation having been hampered by the hydroxy interlayers. Smectite was also detected in the lower Bs1 and Bs2 horizons, while it was absent in the lowest BC and C horizons. K-saturation caused a full collapse to 1.0 nm of the 2:1 expandable phyllosilicates.
Smectite (interstratified with some vermiculite) was identified in the surface EA horizon of soil profile N3 by a subordinate peak at 1.56 nm in the EG-solvated sample (Fig. 6) , while an irregularlyinterstratified smectite-vermiculite component was observed in the lower E horizon. Collapse of the 2:1 expandable component to 1.0 nm was achieved with K-saturation in all the horizons.
Smectite was present in the OE (Fig. 6 ) and BE surface horizons of soil profile N4, while collapse to 1.0 nm of the peaks at 1.43 and 1.25 nm was obtained following K-saturation, with the exception of a minor chlorite peak.
No smectite was detected in the surface horizons of the south-facing soils S5 and S6. Smectite was observed in the surface OE horizon of the soil profile S8, while a smectitic component showing a certain degree of interstratification À due to its position at 1.58 nm following ethylene glycolsolvation À was found in the surface horizon of the soil profile S7 (Fig. 7) . The citrate treatment was effective in removing the hydroxy interlayers from 2:1 expandable phyllosilicates that collapsed to 1.0 nm following K-saturation.
FIG. 6. XRD patterns of the Na-citrate-treated and ethylene glycol(EG)-solvated soil clays (<2 mm) from the surface horizon of the north-facing soil profiles. The XRD curves were corrected for Lorentz and polarization factors. d spacings are given in nm. Figure 8 shows FTIR spectra of the clay samples from the N2 E and S5 A horizons before and after Na-citrate treatment. Various regions in the IR spectrum contain OH vibrational information. In the OH-bending region, the bands associated with hydroxyl groups can be discriminated from each other, and band assignment is straightforward. Furthermore, this region is not affected by the presence of residual water molecules (Vantelon et al., 2001) . For the south-facing site, there are no differences detectable before and after the hot citrate treatment. The IR spectra of the northfacing site, however, showed some small changes, especially in the region between 830 cm À1 to 750 cm À1 . The band at 830 cm À1 can be attributed to d AlMgOH (Farmer, 1974) and that at 799 cm À1 to SiÀOÀAl bands (and quartz together with the doublet at 779 cm À1 ). Some changes can be seen in the region of 820 cm À1 and 790 cm À1 . The band at 820 cm À1 can be assigned to d FeFeOH (Farmer, 1974; Goodman et al., 1976) and the region near 786 cm À1 to d FeMgOH (Vantelon et al., 2001) . The decrease in these bands of the samples from the north-facing site after the hot citrate treatment may point to the better dissolution of octahedral Al-and Mg-interlayers of clay minerals when compared to the south-facing site. The citrate treatment was probably less effective for the samples from the south-facing site, where some residual Al still remained in the interlayers. The absorption band at 690 cm À1 points to dioctahedral smectites. According to Bishop et al. (2002) , smectites with a high proportion of tetrahedral Fe 3+ display a strong band near 680 cm À1 . In the measured samples, some Fe 3+ seems therefore to be present in the structure of smectite-like minerals. No significant differences in the intensity of this band before and after the treatment were measurable.
Thermogravimetric (TG) analysis records the weight changes of a sample during dynamic heating. Using derivative thermogravimetric analysis (DTG), it is possible to distinguish between overlapping reactions that might be difficult to discern with TG data alone. Thermogravimetric analyses indicated the presence of adsorbed water (up to temperatures of 120ºC) and water from interlayers (especially discernible in the temperature range of 100À250ºC) in all samples measured (Fig. 9) . After citrate treatment, the amount of adsorbed water was generally lower due to the destruction (chelation) of organic matter. The clay samples of the site N2 (E-horizon) showed pronounced peaks at 70ºC (adsorbed water) and at 190ºC (water from interlayers). The sample of the south-facing site Slope aspect and transformation of clay minerals (S7, AE horizon) had a distinct peak at 50ºC (adsorbed water) and minor peaks at 150 and 200ºC (water from interlayers). These analyses confirm the presence of clay minerals with H 2 O-interlayers on both south-and north-facing sites.
Trioctahedral vs. dioctahedral transformation
The XRD patterns in the d 060 region are shown in Fig. 10 . At the lowest site in the north sequence, only small differences within the soil profile could   FIG. 10 . XRD patterns in the d 060 region of the soil clays from all the horizons of the N1 and N3 north-facing and S5 and S7 south-facing soil profiles.
be detected. Major changes were measurable in the N2, N3 and N4 soil profiles, with trioctahedral species, represented by peaks in the range 59À61º2y, decreasing from the lowest horizons towards the top of the soil profile, and correspondingly, dioctahedral species increasing, in the range 61À63º2y. The highest proportion of trioctahedral species was measured in the lowest C horizon of N3 soil profile (Fig. 10) .
On the south-facing slope no differences could be detected in the samples from the soil profile S5 (Fig. 10) , whereas trioctahedral species decreased and dioctahedral species increased distinctly upwards in the soil profiles S6 and S7 (Fig. 10) . A similar trend, but less pronounced, could also be observed in the soil profile S8.
Layer charge estimation
In general, long-chain alkylammonium C 18 and C 12 complexes showed well developed low-charge phyllosilicates with a total layer-charge value per half unit cell (x) ranging from 0.22 to 0.30 in the surface horizons of the north-facing soils (Fig. 11) . The low charges are due to pedogenetic processes and partially inherited from the parent material (see below).
Low-charge clay minerals were also detected in the surface horizons of the south-facing soils, more obviously in soil profiles S7 and S8, developing at 1995 and 2420 m a.s.l., respectively, and, to a lesser extent, in the soil profile S6 at 1660 m a.s.l. The intensity of the low-charge clay mineral peak was quite low in the soil profile S5 (Fig. 11) . The total layer-charge value per half unit cell (x) for the soils on south-facing slopes ranged between 0.29 and 0.30.
These results are in agreement with the analyses carried out in the d 060 region, where the samples from the south-facing soils showed a transformation from trioctahedral to dioctahedral species. Iron oxidation and the substitution of Fe 3+ and/or Al for Mg 2+ contributed to the decrease of phyllosilicate charge (Carnicelli et al., 1997) . The failure of ethylene glycol solvation to expand low-charge phyllosilicates following the hot citrate treatment may be due to the presence of residual hydroxypolymers in the interlayers of 2:1 phyllosilicates that hindered the access of organic molecules.
D I S C U S S I O N
Soils developing on the north-and south-facing slopes showed a coarse texture and a low pH. These   FIG. 11 . XRD patterns of soil clays (<2 mm) from the surface horizons of the north-and south-facing soil profiles. Clays were treated with C 18 alkylammonium ions. The XRD curves were corrected for Lorentz and polarization factors. d spacings are given in nm. The bold numbers indicate the calculated layer charge per half unit cell.
features are paramount for the development of podzols (De Coninck, 1980) . Generally, the podzolization process (i.e. eluviation and illuviation of Fe, Al and partially organic C) was more intense on soils developing on the north-facing slopes (Table 6 ). The concentrations of secondary Fe-and Al-forms in the B horizon were in most cases greater at the northfacing sites. In this particular environmental setting, Fe and Al are continuously released, mostly from primary minerals (but probably also from secondary Fe and Al phases) by the intense weathering (as indicated by the high Fe o /Fe d -ratio). The transfer of Fe and Al within the soil profile is primarily thought to occur as metal-organic complexes (or partially, for Al, as aquo-ion). Smaller amounts of organic complexing agents at south-facing sites were probably exposed to the relentless supply of metal cations liberated by weathering. The total amount of organic matter in the mineral soil (data not shown) is similar at both north-and southfacing sequences. More organic ligands have probably been available at the north-facing sites, leading to more intense weathering and higher eluviation. More ligands could have been supplied by the wetter soil conditions (see below) and/or also by slightly differing vegetation.
The degree of chemical weathering increased from the south-facing sites, that have more favourable thermal conditions, to the north-facing sites, which are characterized by lower temperatures, lower evapotranspiration and higher humidity (cf. Hunckler & Schaetzl, 1997) . Due to the abundant precipitation, water should not be a limiting factor, and thus weathering should be enhanced in Alpine regions having higher temperatures. Water nevertheless also seems to be a determining factor in Alpine regions. During winter, the snowpack may affect pedogenesis and podzolization. Thick snowpack inhibits or reduces soil frost and allows large fluxes of snowmelt water to infiltrate into already moist profiles (cf. Schaetzl & Isard, 1996) . This type of flux (slow, steady, cold water) may be particularly effective in enhancing the podzolization process. A reduced snow cover, higher evapotranspiration rates and reduced water fluxes (especially during snowmelt in spring) are expected on south-facing sites. Soil-mapping studies (Sartori et al., 2005) carried out in these Alpine regions came to similar conclusions, that soils generally showed signs of more intensive weathering processes on north-facing sites.
As a consequence of the greater weathering intensities on the north-facing slope, a greater amount of smectite was measured in the surface horizon of the profile N2 located at 1660 m a.s.l., in the sub-alpine belt. Smectite was also detected in soils N3 and N4, developing, on the same slope, at 1910 and 2390 m a.s.l. These results are in agreement with those obtained in similar Italian Alpine environments (Mirabella & Egli, 2003; Egli et al., 2003b Egli et al., , 2004 . The formation of smectite depends principally on the presence of complexing organic compounds that are able to remove hydroxy-polymers from the interlayers of 2:1 lowcharge expandable minerals (Lundström et al., 2000; Mirabella & Egli, 2003) . On the southfacing slope, smectite was found only in the surface (Hunkler & Schaetzl, 1997) . The citrate treatment allows the removal of hydroxy-polymers which are not too strongly bound to 2:1 clay-sized phyllosilicates within their interlayer space. Subsequent XRD determinations may reveal the presence of low-charge clay minerals the expansion of which, following ethylene glycol solvation, was hindered by the interlayered polymers (Karathanasis, 1988) . Furthermore, when saturated with K (Barnhisel & Bertsch, 1989) , hydroxy-polymers prevent the collapse of the 2:1 expandable phyllosilicates to a mica-like structure. In soils with north exposure, citrate effectively extracted the hydroxy-interlayered polymers. In the surface horizon of soil profile N1 (1200 m a.s.l.), smectite À exhibiting a certain degree of interstratification for its d spacing at 1.61 nm À could be identified, whereas all 1.4 nm structures collapsed to 1.0 nm following K-saturation. Smectitic compounds could also be identified in the lower B horizons of the soil profiles N2, N3 and N4. This indicated that lowcharge clay minerals were already present in the deeper horizons of these soils, but their identification had not been possible because of the interference of hydroxy-polymers. Similar results have previously been reported in a climosequence of soils developing on granite in a north-facing slope in Trentino (Mirabella & Egli, 2003) .
The same procedure applied to soils with south exposure showed different results. After the hot citrate treatment and the ethylene glycol-solvation, no or only weak (surface horizons of S8 and S7) expansions of 2:1 phyllosilicates were observed. The collapse of these minerals to 1.0 nm following Ksaturation was very evident. Theoretically, this should indicate that 2:1 clay phyllosilicates had no substitution of trioctahedral cations (Mg 2+ , Fe 2+ ) by dioctahedral ones (Al 3+ and Fe 3+ ). The XRD analysis of the d 060 region and the determination of layer charge of clay minerals by the long-chain alkylammonium ion C 18 and C 12 , however, did not fully confirm the absence of such a process. Transformation from trioctahedral to dioctahedral species was, in fact, also detected in the south-facing soils, though less evident than on the north-facing sites. In agreement with these results, some lowcharge clay minerals (x~0.30) were detected in the surface horizons of soils from the south sequence, especially in soil profiles S7 and S8. Layer charge was also checked by the long-chain alkylammonium C 12 (results not shown), and the results were similar to those obtained with the C 18 chain.
The failure of EG to expand the low-charge phyllosilicates after the removal of hydroxypolymers could be due to the presence of residual hydroxides in the interlayers of the mineral structures that hindered access to the organic molecules. The smaller K + cation was, however, able to enter into the interlayer space of 2:1 expandable clay-sized phyllosilicates and to expel the polymers, causing the collapse of the mineral structure.
Our results have confirmed that podzolization processes, as regards the removal of hydroxypolymers and their eluviation in the soil profile, are most intense in the range of the sub-alpine forest up to the timberline (1600À1900 m a.s.l.) in soils with north exposure. Although Alpine regions exhibit an overall abundant precipitation, the actual availability of water and consequently water-flows in the soil play a decisive role in the weathering, leaching of elements and organic compounds, and in the transformation of (clay) minerals (cf. Dambrine, 1986; Schaetzl & Isard, 1996; Muhs et al., 2001; Hall et al., 2002) . We hypothesise that the formation of smectites (with a low charge and dioctahedral structures) as a weathering end-product has been enhanced at the north-facing sites due to reduced evapotranspiration and consequently a greater soil moisture. Favoured by the presence of low molecular weight acids (van Hees et al., 2000) , leaching of elements and weathering conditions was enhanced.
In particular, the reduction of the charge of clay minerals also took place in those horizons where hydroxy-polymers hinder the detection of expandable minerals with ethylene glycol-or glycerolsolvation procedures (Karathanasis, 1988; Barnhisel & Bertsch, 1989) . Due to the more intense podzolization process near the timberline, vermiculites and smectites in the surface soil horizons of the north sequence usually contained no or only a small amount of hydroxy interlayers. At the south slope, hydroxy interlayering was consequently more pronounced (some of these interlayers were even not removable with citrate). The site at the lowest altitude and with the lowest susceptibility to weathering consequently had the largest amount of HIV(HIS) or interstratified mica-HIV(HIS). The charge reduction of smectite precursor clay minerals, such as mica and chlorite, also took place in the Bhs and Bs horizons, where smectitic phases were predominantly hydroxy-interlayered. The reduction of the charge of 2:1 phyllosilicates therefore occurred before the removal of hydroxypolymers by fulvic acids and low molecular weight organic acids. This was indicated in part by the citrate treatment, where a greater proportion of 2:1 minerals expanded after EG solvation, but mainly by the detection of the transformation of trioctahedral into dioctahedral species and by the alkylammonium procedure.
C O N C L U S I O N S
In earlier investigations, weathering in cold regions was usually focused on the notion of 'cold', such that chemical processes are temperature-inhibited, often to the point of non-existence (cf. Hall et al., 2002) . Works by Reynolds (1971) , Anderson et al. (1997) , Allen et al. (2001) and others are examples attesting to the potentially advanced nature of chemical weathering and mineral transformations in glaciated mountains. We give evidence in this investigation that weathering and mineral transformation or formation can be intense in sub-alpine and alpine belts, and therefore cold environments. It is shown that weathering and mineral formation and transformation is not primarily temperature-inhibited, but could conceivably be limited by moisture availability. The two soil sequences revealed different degrees of podzolization, with more advanced stages in the north-facing soils, especially those developing near the timberline. The process leading to the formation of smectite in the north sequence was the result of the removal of hydroxy polymers from the interlayer of low-charge expandable phyllosilicates. This process is generally favoured by the presence of easily-chelating organic compounds, mainly fulvic and low molecular organic acids, and the availability of water.
Besides the eluviation process, clay minerals underwent a process of ionic substitution in the octahedral sheet that led to a decrease of the layer charge. The charge reduction was also detectable in the soils of the south sequence, but in a narrower altitude range (from 2000 to 2400 m a.s.l., when compared to the range of 1660À2400 m a.s.l. found for the north sequence soils).
This process could not be detected by standard XRD determination, because of the presence of interlayered hydroxy-polymers that hinder the access of ethylene glycol molecules into the interlayer spaces of the minerals. Hydroxy interlayering was more evident in the south sequence, and the hot citrate treatment only partially removed the Al polymers.
